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We report results on all-optical Thomson scattering intercepting the acceleration process
in a laser wakefield accelerator. We show that the pulse collision position can be detected
using transverse shadowgraphy which also facilitates alignment. As the electron beam energy
is evolving inside the accelerator, the emitted spectrum changes with the scattering position.
Such a configuration could be employed as accelerator diagnostic as well as reliable setup to
generate x-rays with tunable energy.
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2I. INTRODUCTION
The development of high-peak-power laser systems based on chirped-pulse amplification[1] has
led to the emergence of a range of new technologies. Among these is laser wakefield acceleration
(LWFA), a technology with the potential to provide compact and bright electron beams[2, 3]. Since
the first demonstration of quasi-monoenergetic electron beams in 2004[4–6], the performance of
these accelerators has been continuously increasing and nowadays, LWFAs driven by petawatt lasers
routinely reach multi-GeV energies[7–9]. Recent developments also include the implementation of
(combined) injection techniques[10–13], dephasing mitigation[14] and chirp compensation[15].
Furthermore, LWFA electrons gives rise to a number of secondary radiation sources. Transition
radiation can be used to generate THz signals[16], which can among others be used to characterize
the bunch duration of the laser-accelerated electrons[17]. By sending few-hundred MeV electrons
into a magnet undulator, synchrotron radiation in the ultraviolet regime[18, 19] can be generated.
Potentially, this technology can also be extended to generate bright, coherent radiation in a table-
top free-electron laser [20]. In the x-ray and γ-ray regime, three different methods exist to generate
high energy photon beams, namely Bremsstrahlung conversion[21, 22], Betatron radiation[23, 24]
and Thomson scattering[25–29]. Betatron radiation is wiggler-like radiation that occurs as the
result of transverse oscillations of electrons inside the laser wakefield. With a photon yield of
up to 109 photons per shot and a micrometer source size, this radiation can readily be used
for propagation-based phase contrast imaging[30, 31]. The technique has already been extended
to perform phase-contrast tomographies[32] and in recent experiments the acquisition time for
tomographic data sets has been reduced to a few minutes[33, 34]. However, betatron radiation
is not suitable for advanced imaging techniques such as dual-energy imaging, because of its large
bandwidth.
Thomson sources, sometimes also referred to as inverse Compton sources, potentially offer
greater flexibility in this regard. While initially studied at conventional accelerator facilities, in
particular in order to generate femtosecond radiation[35], recent years have seen an increase of
studies on all-optical Thomson sources. These use one laser for wakefield acceleration and either
the same[26] or an additional laser pulse[27, 28] for scattering, allowing for a very compact and
flexible setup.
Thomson scattering provides an elegant way to upshift the frequency of laser light. Elec-
trons perceive the laser frequency λ0 doppler-upshifted by a factor of γ and emit radiation at the
wavelength λ/γ, where γ denotes the Lorentz factor. An observer at rest receives this radiation
upshifted by another factor of γ. Furthermore, the measured wavelength depends on the angle
between electrons and laser φ, the angle to the observer θ and the normalized vector potential a0.
The fundamental wavelength of the Thomson scattered radiation therefore is [36]
λTS =
λ0
2γ2(1− β cosφ)
(
1 +
a20
2
+ γ2θ2
)
(1)
In the following we present preliminary results on Thomson scattering not with an LWFA-
accelerated electron bunch in free space, but with a bunch during acceleration in the LWFA itself.
This configuration differs from usual experiments because the electron beam energy is still evolving
inside the accelerator. To visualize the concept, we have simulated a laser wakefield accelerator
with shock-front injector using the quasi-3D particle-in-cell code FBPIC[37]. A snapshot of the
electron density distribution and the evolution of the electron energy spectrum are shown in Fig.
1 on the top row. Electrons are injected at z = 0.25 mm and rapidly gain energy until they
start to dephase. The energy of the quasi-monoenergetic peak changes from E0.4mm = 20 MeV to
E1.0mm > 100 MeV. Accordingly, the energy of the backscattered photons will increase by a factor
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FIG. 1. Particle-in-cell simulations of a laser wakefield accelerator employing shock-front injection. (a):
Snapshot of the electron density distribution after 0.7 mm of propagation. (b): Evolution of the electron
energy spectrum. (c)+(d): Electron and resulting Thomson spectra for three different positions along the
accelerator, corresponding to the dashed lines in (b).
of (E1.0mm/E0.4mm)
2 > 25 (see Fig. 1 bottom row). We have calculated the backscattering signal
using the electron beam parameters at different positions along the simulation and a scattering
pulse with a0 = 0.5 using the code Chimera [38]. These simulations also show the wide tuning
range of such a Thomson source. The geometry therefore has the potential to tune the energy of
Thomson backscattering sources over a wide energy range, while maintaining the laser wakefield
accelerator at stable, unmodified conditions. Furthermore, if the x-ray spectrum can be accurately
measured the method could be applied as an accelerator diagnostic to measure the electron energy
evolution inside the accelerator.
II. EXPERIMENTAL SETUP
The experiments were performed using the ATLAS Ti:Sapphire laser system, situated at the
Laboratory for Extreme Photonics (LEX) at Ludwig-Maximilians University of Munich (LMU),
which delivered up to 2.5 J pulses within 28 fs duration to the target chamber, resulting in a peak
power of 80 TW. In the experimental chamber a part of the beam, containing ∼ 0.3 J, was split
off by a pick-off mirror to provide a second head-on collision pulse. The driver pulse for electron
acceleration was focused with a F/25 off-axis parabola to a0 ' 1.6 on a H2 gas jet from a 1 mm
supersonic de Laval nozzle with an adjustable silicon wafer for shock-front injection and a plasma
density of n0 = 4.5×1018cm−3. The colliding pulse was focused by an F/26 off-axis parabolic mirror
into the gas jet behind the shock-front to a0 ' 0.8. The parabola was mounted on a translation
stage to adjust the collision positions of the undulator beam with the accelerating electrons.
The beam overlap in transverse direction was monitored with a top-view camera and shadowg-
raphy was used to control the temporal overlap hence the collision point of the beams.
4FIG. 2. Experimental setup: The main beam get split into a drive beam for LWFA and a head-on collision
beam for Thomson scattering. The inset shows the target with the shock-front and the two colliding beams.
As an electron diagnostic a 80 cm permanent magnet (0.85 T) in combination with a calibrated
scintillating screen was used, measuring the electron bunch spectrum and charge content above the
low-energy cut-off of 27 MeV.
The Thomson-scattered x-ray radiation was detected using a Gd2O2S:Tb based scintillator
(P43), which is fiber-coupled to a 1388 × 1038 pixel CCD camera. The camera uses a 50 : 11 taper,
where each pixel represents an area of 29 µm2 on the scintillator screen. Placed at 435 cm from the
source, the field of view covers approximately 9.2 × 6.9 mrad2. At the end of the target chamber,
30 cm in front of the camera, an aluminium filter-cake was placed in a attempt to determine the
x-ray energy (shown in Fig. 5).
III. EXPERIMENTAL RESULTS
We performed a series of 360 consecutive shots at 18 different collision positions (20 shots per
position), step-wise increasing the distance between the electron injection point at the shock-front
and the interaction point with the colliding laser beam. For each shot we recorded the x-ray signal
emitted by the electrons at each respective stage of the acceleration process. The distance between
the shock-front and the collision position was tuned from 200 to 720 µm in steps of 30 µm.
A. Shadowgraphy imaging
We use shadowgraphy as a diagnostic for the plasma accelerator. In the shadowgrams we
observe two distinctive diffraction features. The first from the left is the diffraction caused by the
supersonic shock in the nozzle, i.e. diffraction of the probe beam at the transition from high plasma
density to lower plasma density. The angle with respect to the propagation axis depends on the
position of the blade inside the jet. At the position of the shock we also observe a bright light
emission. This signal is associated with the electron injection process, known as wave-breaking
radiation [39].
A second, weaker diffraction feature is produced once the colliding pulse is activated. The feature
moves along the propagation as the timing of the collider is adjusted and marks the collision point
of the two beams. This previously unobserved phenomenon allows us to accurately determine
the distance between the shock, i.e. electron injection, and the pulse collision, i.e. the scattering
position. Shadowgraphy images of four consecutive positions are shown in Fig. 3.
5FIG. 3. Shadowgraphy images of four different collision positions at distances from 230 to 320 µm behind
the shock-front: The electron driving beam traveling from left to right with the wafer generated shock-front
where injection radiation was observed, right of it the collision feature of the two opposing beams is visible,
showing the location of the radiation generation. The collision-front at the different positions is clearly
moving to the right as the shock-front is fixed (note the relative position to the circular diffraction rings in
the lower half of the image).
The formation of the second diffraction feature is likely related to the ionization dynamics of
hydrogen. First it is important to note that the region of ionization (as indicated by the horizontal
striations) extends well beyond the diameter of the main laser mode, because even weak spatial
wings of the pulse are sufficient to partially ionize hydrogen gas. In contrast to the simple case
of atomic hydrogen (with the well-known binding energy of 13.6 eV), the ionization of hydrogen
molecules is more complex. After ionization of one electron, the remaining H+2 molecule has
a ground state energy of 15.4 eV [40] and hence requires higher intensities for multi-photon or
tunneling ionization. We therefore expect that the plasma away from the laser axis consists mainly
of H+2 (which later dissociates into H
+ and H). As the pulse collision produces locally increased
electric fields, it is expected that hydrogen can be completely ionized. This will result in a local
electron density peak, which will diffract the probe beam. This conclusion is also supported by the
fact that the second diffraction feature gets fainter close to the laser axis where the intensity of the
wings is higher. Therefore, the main driver will cause a higher degree of ionization, an the relative
enhancement of the ionization degree by the colliding pulse becomes less pronounced. However, a
more detailed study will be necessary to verify this interpretation of the results.
B. Electrons
We generated shock-front induced electrons with a mean energy of 30 MeV. The 360 single
shot spectra and the mean and standard deviation of the average total spectrum are shown in
Fig. 4. The mean charge of the electrons hitting the scintillator was 55 pC. As the accelerator
was operated at the low energy limit to keep the scattered x-rays in a suitable energy range for
the filter and detector, the stability, divergence and bandwidth of the generated electrons was not
optimal.
Because we used a small gas jet with a total length well below the dephasing limit, the electrons
constantly gain energy in the gas jet. Therefore we can estimate an upper energy limit of the
generated photons using the final measured electron spectra and equation 1. With a laser potential
of a0 = 0.8 for the colliding beam like in our experiment, scattered x-rays up to 46 keV can be
achieved with the 50 MeV electrons at the end of the accelerator. The maximum energy for
the electron energy peak with 30 MeV would be 17 keV. As we scatter during the acceleration
6FIG. 4. Top: Measured electron spectra of 360 consecutive shots. Bottom: Average electron spectrum of
all shots, the shaded area indicates the standard deviation.
process, and hence with lower energetic electrons, we expect the measured x-ray energy to be
much lower than this upper limit. However this estimate only takes into account photons at the
fundamental frequency, while higher harmonics cause a broadening of the spectrum and a shift to
higher energies. At the collider intensity used in the experiment, we expect substantial emission
also at the 2nd (due to finite beam divergence) and 3rd harmonics, leading to a further broadening
of the spectrum towards high energies. With such broadband spectra to start with, it is therefore
difficult to distinguish photon spectra for different electron energies.
C. X-rays
The filter-cake for the estimation of the photon energy of the generated x-rays consists of
14 aluminium sectors with thicknesses of 5 to 610 µm, which are suitable to attenuate photon
energies in the range of 2 to 40 keV. Additionally, a 4 mm copper sector was also used to provide
discrimination against bremsstrahlung photons. For the study of the spectral evolution we analyzed
only the four most absorbing aluminium parts with thicknesses of 210 to 610 µm as the thinner
sectors are highly transparent in all cases and cannot provide clear results in the transmission
trend. The radiation transmission curves of the analyzed filter sectors are displayed on the right
side of Fig. 6 for x-ray energies ranging from 1 to 50 keV.
The average images of 20 shots at four different collision positions as well as the average reference
image without the colliding beam are shown in Fig. 5. The analyzed filter areas are highlighted
with the corresponding thicknesses.
We observe a noticeable bremsstrahlung background due to electrons hitting the spectrometer
magnet because of their high divergence. When the colliding pulse was switched on, the overall
transmission through the filter cake first increases when the collision point moves further down-
stream of the injection point due to the increasing photon energy, but then the signal falls off
again due to the lower sensitivity of the camera for higher energy photons. However, the contrast
between the different filters decreases as well, indicating a hardening of the photon spectrum.
For the x-ray analysis the weighted mean of the transmitted signal level in each filter part
relative to the blank sector (0 µm at approx 1 o’clock in Fig. 5) was calculated for 20 shots per
collision position. The error bars indicate the fluctuation of the background bremsstrahlung which
7FIG. 5. X-ray camera images for different Thomson scattering settings. The curved dark region in all
images is a damaged spot on the scintillator, the dark triangle sticking in from the top is a 4 mm thick copper
sector. The field of view of the camera covers a solid angle of 9.2 × 6.9 mrad2. Left: Average background
image with blocked colliding beam shows only high-energy bremsstrahlung produced by electrons hitting
the spectrometer magnet. Note that the 4 mm copper piece is almost completely transparent. Right: X-ray
average images of 20 shots each of the aluminum filter-cake at beam collision positions 200, 320, 470 and
630 µm behind the shock-front.
FIG. 6. Left: Mean relative transmission of the four thickest filters for different collision positions and the
corresponding linear fits. The transmission of the each filter clearly increases with increasing distance of the
collision point to the shock-front, as expected from the electron energy gain in the progressive acceleration
process. Right: Radiation transmission curves of aluminum with the thicknesses of the four analyzed filter
parts [41]. The circles and squares indicate the filter transmission values of the linear fits at the first and
last collision position respectively.
was assumed to be the highest uncertainty factor in this experiment as the signal level was low
because of the large distance between x-ray source and detector. The results for all filters and
collision positions are shown on the left side of Fig. 6.
The relative transmission of all analyzed filter sections increases with increasing distance to the
shock-front as a consequence of the electron energy gain in the progressive acceleration process.
Deviations of the mean transmission at different collision positions are caused by electron and
pointing fluctuations. For each filter, the measured transmission value given by the linear fit at
200 µm and 720 µm are indicated on the transmission curves in the right hand plot as circles and
squares, respectively. While each filter transmission value gives a slightly different energy reading
on the horizontal axis, all values shift by roughly the same amount, namely 4.5-7.5 keV. While due
to the large photon energy spread these numbers cannot serve as a quantitative measure, they do
8indicate the expected hardening of the radiation spectrum with increasing accelerator length.
IV. CONCLUSION & OUTLOOK
In this experiment we demonstrated that Thomson scattering in the gas target during LWFA
can be used as a tunable x-ray source. We were able to tune and monitor the collision point of the
electrons with the colliding beam and observed an increase of the photon energy with increasing
distance between the injection and collision points, as expected. Unfortunately the filter-cake was
not optimal for adequate reconstruction of the x-ray spectrum in this photon energy range. With
a more accurate spectral diagnostic the same technique becomes a potential tool to determine the
electron energy at different stages during the acceleration process.
At the Centre for Advanced Laser Applications (CALA) with the new ATLAS 3000 laser system
we plan to further improve this setup to use it as an electron diagnostic and tunable x-ray source.
With the higher laser power we could achieve electron beams with more charge resulting in a higher
photon flux on the detector and more precise data. This necessitates the development of a more
appropriate filter stack or alternative spectroscopy methods in order to better quantify the x-ray
spectrum.
ACKNOWLEDGMENTS
This work was supported by DFG through the Cluster of Excellence Munich-Centre for Ad-
vanced Photonics (MAP EXC 158) and SFB-Transregio TR-18 funding schemes, by EURATOM-
IPP and the Max-Planck-Society.
[1] D. Strickland and G. Mourou, Optics Communications 56, 219 (1985).
[2] V. Malka, J. Faure, Y. A. Gauduel, E. Lefebvre, A. Rousse, and K. T. Phuoc, Nature Physics 4, 447
(2008).
[3] S. M. Hooker, Nature Photonics 7, 775 (2013).
[4] J. Faure, Y. Glinec, A. Pukhov, S. Kiselev, S. Gordienko, E. Lefebvre, J. P. Rousseau, F. Burgy, and
V. Malka, Nature 431, 541 (2004).
[5] C. G. R. Geddes, C. Toth, J. van Tilborg, E. Esarey, C. B. Schroeder, D. Bruhwiler, C. Nieter, J. Cary,
and W. P. Leemans, Nature 431, 538 (2004).
[6] S. P. D. Mangles, C. D. Murphy, Z. Najmudin, A. G. R. Thomas, J. L. Collier, A. E. Dangor, E. J.
Divall, P. S. Foster, J. G. Gallacher, C. J. Hooker, D. A. Jaroszynski, A. J. Langley, W. B. Mori, P. A.
Norreys, F. S. Tsung, R. Viskup, B. R. Walton, and K. Krushelnick, Nature 431, 535 (2004).
[7] X. Wang, R. Zgadzaj, N. Fazel, Z. Li, S. A. Yi, X. Zhang, W. Henderson, Y. Y. Chang, R. Korzekwa,
H. E. Tsai, C. H. Pai, H. Quevedo, G. Dyer, E. Gaul, M. Martinez, A. C. Bernstein, T. Borger,
M. Spinks, M. Donovan, V. Khudik, G. Shvets, T. Ditmire, and M. C. Downer, Nature Communications
4, 1 (2013).
[8] H. T. Kim, V. B. Pathak, K. H. Pae, A. Lifschitz, F. Sylla, J. H. Shin, C. Hojbota, S. K. Lee, J. H.
Sung, H. W. Lee, E. Guillaume, C. Thaury, K. Nakajima, J. Vieira, L. O. Silva, V. Malka, and C. H.
Nam, Scientific Reports , 1 (2017).
[9] A. J. Gonsalves, K. Nakamura, J. Daniels, C. Benedetti, C. Pieronek, T. C. H. de Raadt, S. Steinke,
J. H. Bin, S. S. Bulanov, J. van Tilborg, C. G. R. Geddes, C. B. Schroeder, C. Toth, E. Esarey,
K. Swanson, L. Fan-Chiang, G. Bagdasarov, N. Bobrova, V. Gasilov, G. Korn, P. Sasorov, and W. P.
Leemans, Physical Review Letters 122, 084801 (2019).
[10] J. Faure, C. Rechatin, A. Norlin, A. Lifschitz, Y. Glinec, and V. Malka, Nature 444, 737 (2006).
9[11] A. Buck, J. Wenz, J. Xu, K. Khrennikov, K. Schmid, M. Heigoldt, J. M. Mikhailova, M. Geissler,
B. Shen, F. Krausz, S. Karsch, and L. Veisz, Physical Review Letters 110, 185006 (2013).
[12] C. Thaury, E. Guillaume, A. Lifschitz, K. Ta Phuoc, M. Hansson, G. Grittani, J. Gautier, J. P. Goddet,
A. Tafzi, O. Lundh, and V. Malka, Scientific Reports 5, 16310 EP (2015).
[13] J. Wenz, A. Do¨pp, K. Khrennikov, S. Schindler, M. F. Gilljohann, H. Ding, J. Go¨tzfried, A. Buck,
J. Xu, M. Heigoldt, W. Helml, L. Veisz, and S. Karsch, Nature Photonics , 1 (2019).
[14] E. Guillaume, A. Do¨pp, C. Thaury, K. Ta Phuoc, A. Lifschitz, G. Grittani, J. P. Goddet, A. Tafzi,
S. W. Chou, L. Veisz, and V. Malka, Physical Review Letters 115, 155002 (2015).
[15] A. Do¨pp, C. Thaury, E. Guillaume, F. Massimo, A. Lifschitz, I. Andriyash, J. P. Goddet, A. Tazfi,
K. T. Phuoc, and V. Malka, Physical Review Letters 121, 074802 (2018).
[16] W. Leemans, C. Geddes, J. Faure, C. Toth, J. van Tilborg, C. Schroeder, E. Esarey, G. Fubiani,
D. Auerbach, B. Marcelis, M. Carnahan, R. Kaindl, J. Byrd, and M. Martin, Physical Review Letters
91, 074802 (2003).
[17] M. Heigoldt, A. Popp, K. Khrennikov, J. Wenz, S. W. Chou, S. Karsch, S. I. Bajlekov, S. M. Hooker,
and B. Schmidt, Physical Review Special Topics-Accelerators and Beams 18, 121302 (2015).
[18] M. Fuchs, R. Weingartner, A. Popp, Z. Major, S. Becker, J. Osterhoff, I. Cortrie, B. Zeitler, R. Horlein,
G. D. Tsakiris, U. Schramm, T. P. Rowlands-Rees, S. M. Hooker, D. Habs, F. Krausz, S. Karsch, and
F. Gruner, Nature Physics 5, 826 (2009).
[19] M. P. Anania, E. Brunetti, S. M. Wiggins, D. W. Grant, G. H. Welsh, R. C. Issac, S. Cipiccia, R. P.
Shanks, G. G. Manahan, C. Aniculaesei, S. B. van der Geer, M. J. de Loos, M. W. Poole, B. J. A.
Shepherd, J. A. Clarke, W. A. Gillespie, A. M. MacLeod, and D. A. Jaroszynski, Applied Physics
Letters 104 (2014), http://dx.doi.org/10.1063/1.4886997.
[20] M. E. Couprie, Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 364 IS -, 4 (2015).
[21] Y. Glinec, J. Faure, L. L. Dain, S. Darbon, T. Hosokai, J. J. Santos, E. Lefebvre, J. P. Rousseau,
F. Burgy, B. Mercier, and V. Malka, Physical Review Letters 94, 025003 (2005).
[22] A. Do¨pp, E. Guillaume, C. Thaury, A. Lifschitz, F. Sylla, J. P. Goddet, A. Tafzi, G. Iaquanello,
T. Lefrou, P. Rousseau, E. Conejero, C. Ruiz, K. T. Phuoc, and V. Malka, Nuclear Inst. and Methods
in Physics Research, A 830, 515 (2016).
[23] A. Rousse, K. T. Phuoc, R. Shah, A. Pukhov, E. Lefebvre, V. Malka, S. Kiselev, F. Burgy, J. P.
Rousseau, D. Umstadter, and D. Hulin, Physical Review Letters 93, 135005 (2004).
[24] A. Do¨pp, B. Mahieu, A. Lifschitz, C. Thaury, A. Doche, E. Guillaume, G. Grittani, O. Lundh, M. Hans-
son, J. Gautier, M. Kozlova, J. P. Goddet, P. Rousseau, A. Tafzi, V. Malka, A. Rousse, S. Corde, and
K. T. Phuoc, Light: Science & Applications 6, e17086 (2017).
[25] H. Schwoerer, B. Liesfeld, H. P. Schlenvoigt, K. U. Amthor, and R. Sauerbrey, Physical Review Letters
96, 014802 (2006).
[26] K. Ta Phuoc, S. Corde, C. Thaury, V. Malka, A. Tafzi, J. P. Goddet, R. C. Shah, S. Sebban, and
A. Rousse, Nature Photonics 6, 308 (2012).
[27] N. D. Powers, I. Ghebregziabher, G. Golovin, C. Liu, S. Chen, S. Banerjee, J. Zhang, and D. P.
Umstadter, Nature Photonics , 1 (2013).
[28] K. Khrennikov, J. Wenz, A. Buck, J. Xu, M. Heigoldt, L. Veisz, and S. Karsch, Physical Review
Letters 114, 195003 (2015).
[29] G. Sarri, D. Corvan, W. Schumaker, J. Cole, A. Di Piazza, H. Ahmed, C. Harvey, C. Keitel, K. Krushel-
nick, S. Mangles, and et al., Physical Review Letters 113 (2014), 10.1103/physrevlett.113.224801.
[30] S. Fourmaux, S. Corde, K. T. Phuoc, P. Lassonde, G. Lebrun, S. Payeur, F. Martin, S. Sebban,
V. Malka, A. Rousse, and J. C. Kieffer, Optics Letters 36, 2426 (2011).
[31] S. Kneip, C. McGuffey, F. Dollar, M. S. Bloom, V. Chvykov, G. Kalintchenko, K. Krushelnick, A. Mak-
simchuk, S. P. D. Mangles, T. Matsuoka, Z. Najmudin, C. A. J. Palmer, J. Schreiber, W. Schumaker,
A. G. R. Thomas, and V. Yanovsky, Applied Physics Letters 99, 093701 (2011).
[32] J. Wenz, S. Schleede, K. Khrennikov, M. Bech, P. Thibault, M. Heigoldt, F. Pfeiffer, and S. Karsch,
Nature Communications 6, 1 (2015).
[33] A. Do¨pp, L. Hehn, J. Go¨tzfried, J. Wenz, M. Gilljohann, H. Ding, S. Schindler, F. Pfeiffer, and
S. Karsch, Optica 5 (2018).
[34] J. Go¨tzfried, A. Do¨pp, M. Gilljohann, H. Ding, S. Schindler, J. Wenz, L. Hehn, F. Pfeiffer, and
S. Karsch, Nuclear Inst. and Methods in Physics Research, A 909, 286 (2018).
10
[35] R. W. Schoenlein, W. P. Leemans, A. H. Chin, P. Volfbeyn, T. E. Glover, P. Balling, M. Zolotorev,
K. J. Kim, S. Chattopadhyay, and C. V. Shank, Science 274, 236 (1996).
[36] S. K. Ride, E. Esarey, and M. Baine, Physical Review E 52, 5425 (1995).
[37] R. Lehe, M. Kirchen, I. A. Andriyash, B. B. Godfrey, and J.-L. Vay, Computer Physics Communications
203, 66 (2016).
[38] I. A. Andriyash, R. Lehe, and V. Malka, Journal of Computational Physics 282, 397 (2015).
[39] A. G. R. Thomas, S. P. D. Mangles, Z. Najmudin, M. C. Kaluza, C. D. Murphy, and K. Krushelnick,
Physical Review Letters 98, 054802 (2007).
[40] T. E. Sharp, Atomic Data and Nuclear Data Tables 2, 119 (1970).
[41] J. H. Hubbell and S. M. Seltzer, “X-ray mass attenuation coefficients,” https://www.nist.gov/pml/
x-ray-mass-attenuation-coefficients.
